Aminoglycoside ototoxicity involves the accumulation of antibiotic molecules in the inner ear hair cells and the subsequent degeneration of these cells. The exact route of entry of aminoglycosides into the hair cells in vivo is still unknown. Similar to other small organic cations, aminoglycosides could be brought into the cell by endocytosis or permeate through large non-selective cation channels, such as mechanotransduction channels or ATP-gated P2X channels. Here, we show that the aminoglycoside antibiotic gentamicin can enter mouse outer hair cells (OHCs) via TRPA1, non-selective cation channels activated by certain pungent compounds and by endogenous products of lipid peroxidation. Using conventional and perforated whole-cell patch clamp recordings, we found that application of TRPA1 agonists initiates inward current responses in wild-type OHCs, but not in OHCs of homozygous Trpa1 knockout mice. Similar responses consistent with the activation of nonselective cation channels were observed in heterologous cells transfected with mouse Trpa1. Upon brief activation with TRPA1 agonists, Trpa1-transfected cells become loaded with fluorescent gentamicin-Texas Red conjugate (GTTR). This uptake was not observed in mocktransfected or non-transfected cells. In mouse organ of Corti explants, TRPA1 activation resulted in the rapid entry of GTTR and another small cationic dye, FM1-43, in OHCs and some supporting cells, even when hair cell mechanotransduction was disrupted by pre-incubation in calcium-free solution. This TRPA1-mediated entry of GTTR and FM1-43 into OHCs was observed in wild-type but not in Trpa1 knockout mice and was not blocked by PPADS, a non-selective blocker of P2X channels. Notably, TRPA1 channels in mouse OHCs were activated by 4-hydroxynonenal, an endogenous molecule that is known to be generated during episodes of oxidative stress and accumulate in the cochlea after noise exposure. We concluded that TRPA1 channels may provide a novel pathway for the entry of aminoglycosides into OHCs.
INTRODUCTION
Aminoglycoside antibiotics are used worldwide despite their side effects (Forge and Schacht 2000) . In hair cells of the inner ear, aminoglycosides can block mechanotransduction channels (Ohmori 1985; Kroese et al. 1989; Kros et al. 1992; Kimitsuki and Ohmori 1993; Ricci 2002; Marcotti et al. 2005 ) and nicotinic acetylcholine receptors (Blanchet et al. 2000) . However, aminoglycoside ototoxicity develops following the entry of these molecules into the hair cells (Hiel et al. 1993 ), most likely due to their intracellular cytotoxic effects (Forge and Schacht 2000; Rizzi and Hirose 2007) . One pathway for the entry of aminoglycosides into the cell could be endocytosis (Lim 1986; de Groot et al. 1990; Hashino and Shero 1995) . Alternatively, these small cations could also permeate through non-selective cation channels such as the hair cell mechanotransduction channel that has a large pore of approximately 1.25 nm (Farris et al. 2004) . Indeed, the rapid entry of these drugs into mammalian cochlear hair cells via mechanotransduction channels has been experimentally demonstrated (Marcotti et al. 2005; Luk et al. 2010 ).
The hair cell mechanotransduction channel has broad similarity to other non-selective cation channels, including the transient receptor potential (TRP) family of channels (Corey 2003; Strassmaier and Gillespie 2003; Christensen and Corey 2007) . TRP channels function as chemoreceptors, thermoreceptors, osmoreceptors, and mechanosensors (for review, see Clapham 2003) . Many members of the TRP family of channels are non-selectively permeable to cations and allow the entry of small organic molecules (Gale et al. 2001; Meyers et al. 2003; Corey et al. 2004; Banke et al. 2010; Karashima et al. 2010 ) including gentamicin . The TRPA1 channel, a member of the TRP family, may be expressed in cochlear hair cells (Corey et al. 2004) , although its function in these cells is yet unknown Kwan et al. 2006 ). The pharmacological properties of TRPA1 channels are similar to that of mechanotransduction channels (Nagata et al. 2005) . It was estimated that TRPA1 has a pore diameter between 1.1 and 1.38 nm (Karashima et al. 2010) , which is large enough to allow permeation by aminoglycosides and other small organic cations.
Here, we demonstrate that cochlear outer hair cells (OHCs) possess functional TRPA1 channels and that aminoglycosides enter OHCs via these channels. We also show that TRPA1 channels in OHCs can be activated by 4-hydroxynonenal (4HNE), a thiol-reactive molecule (Macpherson et al. 2007b; Andersson et al. 2008 ) that is endogenously generated in the cochlea during episodes of oxidative stress, e.g., following intense noise exposure (Yamashita et al. 2004 ).
METHODS

Organ of Corti explants
Mouse organ of Corti explants were prepared as previously described (Russell et al. 1986; Russell and Richardson 1987; Stepanyan and Frolenkov 2009) . Explants were dissected at postnatal days 2-4 (P2-4) and placed in glass bottom Petri dishes (WillCo Wells, Amsterdam, the Netherlands). The organs of Corti were cultured at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) cell culture medium (Invitrogen, Carlsbad, CA) supplemented with 7% fetal bovine serum (FBS; Invitrogen) and 10 μg/ml of ampicillin (Calbiochem, La Jolla, CA). The explants were used in experiments within 1-5 days after dissection. All animal procedures were approved by the University of Kentucky Animal Care and Use Committee (protocol no. 903M2005).
Mouse genotypes
Trpa1 knockout mice were kindly provided to us by Drs. Kelvin Y. Kwan and David P. Corey. This strain is also known as B6;129P-Trpa1 tm1Kykw /J (Jackson Laboratories, Bar Harbor, ME). In these mice, exons encoding the pore domain of TRPA1 were deleted (Kwan et al. 2006) . Amplification of the transcript by RT-PCR indicated that Trpa1 message was present in wild-type and heterozygous animals, but absent in Trpa1 knockout mice, suggesting that there is no functional TRPA1 protein in knockout animals (Kwan et al. 2006 ). All Trpa1 knockout mice used in this study have been backcrossed to C57BL/6 mice (Jackson Laboratories) for at least six generations. Because heterozygous (Trpa1 +/− × Trpa1 +/− mating. In order to genotype animals for their alleles of Trpa1, genomic DNA was extracted from tail snip samples and purified using a Wizard SV genomic purification kit (Promega Corporation, Madison, WI). Polymerase chain reaction (PCR) was performed using PCR Master Mix (Promega Corporation) as previously described (Kwan et al. 2006) . Oligo primers no. 473 TCCTGCAAGGGTGATTGCGTTGTCTA and no. 474 TCATCTGGGCAACAATGTCACCTGCT were used to detect the wild-type allele, while oligo primers no. 517 ACTGAGCCCATGACACCAAACCT and no. 518 TGGACCTCTGATCCACTTTGCGTA were used to detect the mutant allele of Trpa1. PCR products were electrophoresed in a 1.5% agarose gel. Primers no. 473 and no. 474 produce a 300-bp band, while primers no. 517 and no. 518 produce a 500-bp band.
Patch clamp recordings
Conventional and perforated whole-cell patch clamp recordings were performed at room temperature in L-15 cell culture medium (Invitrogen) containing the following inorganic salts (in millimolar): NaCl (137), KCl (5.4), CaCl 2 (1.26), MgCl 2 (1.0), Na 2 HPO 4 (1.0), KH 2 PO 4 (0.44), MgSO 4 (0.81). Organs of Corti cultured in the glass bottom Petri dishes were observed with an inverted microscope (Eclipse TE2000-U) using a ×100 1.3 NA 0.2WD oil immersion objective and differential interference contrast (Nikon, Tokyo, Japan). To get access to the basolateral wall of OHCs, the outermost supporting cells were removed by gentle suction with a ∼5-μm micropipette. Patch clamp pipettes were filled with intracellular solution containing (in millimolars): CsCl (140), MgCl 2 (2.5), Na 2 ATP (2.5), EGTA (1.0), HEPES (5). Recordings were performed with AxoPatch 200B amplifier (Molecular Devices, Sunnyvale, CA). The pipette resistance was typically 2-5 MΩ when measured in the bath. For perforated patch clamp recordings, 50 μg/ml of gramicidin (SigmaAldrich, St. Louis, MO) was added to the intrapipette solution. Gigaohm seal was established at the basolateral surface of an OHC. Whole-cell recording configuration was obtained using the "zap" feature of the AxoPatch amplifier in the conventional recordings or waiting for 1-5 min under continuous "membrane test" control in perforated recordings. Series resistance was approximately 5-50 MΩ in conventional and 20-90 MΩ in perforated recordings. OHC responses were recorded at the holding potential of −70 mV. To obtain current-voltage relationships (I-V curves), voltage ramps from −120 to 100 mV were periodically applied. All I-V curves were corrected for the voltage drop across series resistance.
Drug delivery
Mustard oil (allyl isothiocyanate, AITC), cinnamaldehyde (CA), and icilin were obtained from SigmaAldrich. To prepare stock solutions, 4.9 μl of AITC was added to 250 μl of anhydrous ethanol, 6.3 μl of CA was added to 250 μl of 60% ethanol, and 10 mg of Icilin was added to 642.5 μl of anhydrous dimethyl sulfoxide (DMSO; Sigma-Aldrich). Prepared stock solution of 4HNE in methanol (10 mg/ml) was purchased from Cayman Chemical Company (Ann Arbor, MI). Stock solutions were diluted with extracellular medium to final working concentrations of 10-20 μM (AITC), 100-200 μM (CA), 100 μM (icilin), and 50 μM (4HNE). The final concentrations of the solvent were less than 0.05% (AITC), 0.1% (CA), 0.2% (icilin), and 0.08% (4HNE). All these TRPA1 agonists were applied to OHCs through a puff pipette with a tip diameter of ∼1 μm by applying to the pipette a pressure of ∼1.5 psi using PDES-02T pneumatic drug injector (NPI Electronics, Tamm, Germany). Special care was taken to make the flow as gentle as possible and direct it behind the stereocilia to avoid activation of mechanotransduction channels (Fig. 1A) . Under these experimental conditions, control applications of the bath solution without drugs did not deflect stereocilia and did not generate any noticeable whole-cell current responses (data not shown).
Heterologous expression of TRPA1 channels COS-7 or HEK293 cells (ATCC, Manassas, VA) were plated on 50-mm glass bottom dishes (Willco Wells). Cells were maintained in DMEM cell culture medium (Invitrogen) supplemented with 7% FBS (Atlanta Biologicals, Lawrenceville, GA) and 10 μg/ml ampicillin (Invitrogen) at 37°C and 5% CO 2 . After 20-24 h, when cell layer confluency reaches 70-80%, the medium was changed to serum-free Opti-Mem (Invitrogen). Using Lipofectamine 2000 (Invitrogen), the cells were transfected with a bicistronic construct expressing both AcGFP1 and FLAG-tagged mouse TRPA1 in the same cell. This expression construct was generated by cloning a full-length mouse cDNA Trpa1 insert (nucleotide accession no. NM_177781) into the pIRES2-AcGFP1 vector (Clontech Laboratories Inc., Mountain View, CA). Patch clamp recordings of TRPA1-mediated current responses and gentamicin-Texas Red conjugate (GTTR) uptake experiments were performed at 20-28 h after transfection.
Gentamicin-Texas Red conjugate
Gentamicin (Sigma-Aldrich) was conjugated with Texas Red succinimidyl esters (Molecular Probes, OR) and purified as previously described . To prepare a stock solution, dried GTTR conjugate was reconstituted to 1 mg/ml in DMSO. To prepare a working solution, the stock solution was further diluted to 2 μg/ml either with standard Hank's balanced salt solution (HBSS) containing 1.26 mM of Ca 2+ and 0.9 mM of Mg 2+ (catalog no. 14025, Invitrogen) or with Ca 2+ -free HBSS (catalog no. 14175, Invitrogen) supplemented with 0.5 mM of MgCl 2 .
TRPA1-mediated uptake of GTTR in heterologous cells
The amount of GTTR that enters the cell via TRPA1 channels was assessed by comparing cell fluorescence after brief incubation with GTTR for 20 s at room temperature with or without TRPA1 agonists in the bath. We chose only the cells that were firmly adhered to the glass and had normal epithelial-like morphology. Floating cells or the cells that appeared rounded were not included in analysis. Cells transfected with the vector encoding only GFP were used as a control. After incubation, the cells were rinsed with standard (Ca 2+ -containing) HBSS to remove any extracellular GTTR. GTTR that entered the cell was trapped there by the negative intracellular potential and therefore cannot be washed out. Within 5-15 min after incubation with TRPA1 agonist, cells were observed with an Axiovert 200 M microscope equipped with a PlanApochromat ×1001.4 NA oil immersion objective and the LSM 5 Live laser confocal scanning module (Carl Zeiss, Jena, Germany). GTTR was excited at 532 nm and GFP was excited at 488 nm. Interference emission filters of 560-675 nm and 500-to 525-nm bandwidths were used to collect GTTR and GFP fluorescence, correspondingly. The pinhole was adjusted to obtain optical sections of ∼2-μm thickness. Typically, this thickness was enough to cover the height of generally flat COS-7 cells adhered to the bottom of the dish, with the exception of the nucleus region. Images were acquired using LSM software (Carl Zeiss).
TRPA1-mediated loading of GTTR in the organ of Corti explants
To avoid entry of GTTR into hair cells via mechanotransduction channels, organ of Corti explants were first pre-incubated for 10 min in Ca 2+ -free HBSS supplemented with 10 mM 1,2-bis(o-aminophenoxy) ethane-N,N,N′,N′-tetra-acetic acid (BAPTA) and 0.5 mM MgCl 2 . This treatment disrupts mechano- ) (C) mice. Concentrations of TRPA1 agonists were 10 μM (allyl isothiocyanate, AITC), 100 μM (icilin), 100 μM (cinnamaldehyde, CA), and 50 μM (4-hydroxynonenal, 4HNE). Horizontal bars indicate the timing of drug application. D-F Insets, Representative current-voltage (I-V) relationships in an OHC before (black) and during (gray) application of 100 μM of CA (D, F) or 50 μM of 4HNE (E) in wild-type (D, E) and Trpa1 knockout (F) animals. Holding potential was gradually decreased from a normal resting value of −70 to −120 mV in 0.5 s. Then, I-V data were collected during a linear sweep of the potential from −120 to +100 mV in 2-3 s. Main graphs, Average current-voltage relationships of the TRPA1-mediated responses (gray open symbols) derived by subtracting I-V curves before and during application of TRPA1 agonist. The control "washout" graphs (black solid symbols) were obtained by subtracting I-V curves before and 5-10 min after the application of the agonist. The data are shown as mean±SE. Number of cells/animals: 8/5 (D), 8/4 (E), and 5/3 (F). Age of the specimens: P2-4 plus 1-5 days in vitro. All cells were located approximately in the middle of the cochlea.
transduction machinery in both non-mammalian (Assad et al. 1991; Zhao et al. 1996) and mammalian (Beurg et al. 2006; Stepanyan and Frolenkov 2009) hair cells. It is also likely to break the tight junction barrier between the apical and basolateral compartments of the polarized epithelium (Farshori and Kachar 1999) . The specimens were then incubated in GTTR for 20 s at room temperature with or without TRPA1 agonists in the bath. After incubations, all samples were carefully rinsed with Ca 2+ -free HBSS supplemented with 0.5 mM MgCl 2 and 50 μM CaCl 2 . To assess the effectiveness of BAPTA pretreatment, some control samples untreated with BAPTA were also incubated in GTTR. Special care was taken to use the identical protocol in all samples to be compared (as in Fig. 3) , and all procedures with these specimens were done in parallel. Within 5-15 min after incubation, the organs of Corti were observed with a LSM 5 Live laser confocal microscope (Carl Zeiss), as described above. Stacks of optical sections of ∼2-μm thickness were acquired and the images at the focal plane across the middle of OHC bodies were chosen for illustrations.
FM1-43 loading
FM1-43 (Invitrogen) was dissolved in DMSO to obtain a stock solution with a concentration of 1 mM. Immediately before the experiment, the stock solution was diluted to 5 μM in Ca 2+ -free HBSS. Similar to GTTR uptake experiments, we compared the amount of FM1-43 loaded in OHCs with or without TRPA1 agonists. To disrupt the mechanotransduction machinery, we pre-incubated the specimens in Ca 2+ -free HBSS supplemented with 10 mM BAPTA and 0.5 mM MgCl 2 for 5 min. Then, all specimens were briefly incubated in FM1-43 for 30 s and then carefully rinsed in standard HBSS. All incubations were performed at room temperature. Explants were observed using an upright Olympus BX51W1 microscope (Olympus, Center Valley, PA) with a LUMplan FL ×601.0 NA water immersion objective (Olympus). The FM1-43 fluorescence was excited at ∼488 nm and observed at ∼525 nm. Images were acquired with an Evolve 512 camera (Photometrics, Tucson, AZ) and MetaMorph software (Molecular Devices). Unfortunately, the exact subcellular localization of these channels cannot be determined using immunolabeling techniques because all TRPA1 antibodies tested by us and other groups have failed the specificity tests in the inner ear tissues of Trpa1 knockout animals (our unpublished data and personal communication from Dr. David P. Corey). Therefore, we explored whether mammalian OHCs express functional TRPA1 channels using electrophysiological techniques. We established whole-cell patch clamp recordings from OHCs in the young postnatal cultured organ of Corti explants and investigated the responses of these cells to puff application of TRPA1 agonists (Fig. 1A) . We used several pungent compounds to activate TRPA1 channels including mustard oil (also known as AITC), icilin, CA, and an endogenously generated agonist, 4HNE. All these compounds activate TRPA1 channels (Story et al. 2003; Bandell et al. 2004; Jordt et al. 2004; Bautista et al. 2005; Nagata et al. 2005; Macpherson et al. 2007b; Trevisani et al. 2007 ), some of them (CA, AITC) being highly selective (Bandell et al. 2004; Jordt et al. 2004) . In OHCs of wild-type mice, all TRPA1 agonists produced prominent inward current responses (Fig. 1B) , while TRPV1 agonist capsaicin (a negative control) did not evoke any responses in OHCs (data not shown). Voltage dependence of TRPA1 responses in the wild-type OHCs often showed some nonlinearities at high transmembrane potentials (Fig. 1D, E ) that are typical for heterologously expressed TRPA1 channels in the near-physiological ionic environment (Story et al. 2003; Kim and Cavanaugh 2007; Macpherson et al. 2007b ), but not in symmetrical solutions or two-cation patch clamp recordings (Story et al. 2003; Karashima et al. 2010) . The reversal potential of the current responses evoked by TRPA1 agonists in wild-type OHCs was close to zero, as expected for nonselective cation conductance (Fig. 1D, E) .
RESULTS
Cochlear
In conventional whole-cell recordings, TRPA1 responses were observed in approximately 65% of the cells (total number of cells tested, n=43) in the first 2 min after establishing whole-cell conditions and were greatly reduced thereafter. In perforated patch recordings, TRPA1 responses were evoked in 75% of the cells (n=8) and even after 10-20 min of whole-cell recording. The advantage of perforated patch recording for TRPA1 responses is not surprising because activation of a relatively low number of TRPA1 channels in an OHC is expected to be "self-amplified" by a rise of intracellular Ca 2+ concentration in the vicinity of the channels (Doerner et al. 2007; Zurborg et al. 2007 ). This "selfamplification" may be affected by exogenous Ca 2+ chelators that diffuse from the patch pipette into the cell during conventional whole-cell recordings.
Next, we used the same patch clamp techniques to test TRPA1 reponses in OHCs of young postnatal Trpa1 knockout mice (Trpa1 −/− ). None of the OHCs tested (n=15) exhibited a significant (93 pA) inward current response to the application of TRPA1 agonists either in conventional or in perforated recordings (Fig. 1C, F) . Thus, we concluded that cochlear OHCs possess functional TRPA1 channels.
Exogenous TRPA1 channels are permeable to GTTR
To determine whether TRPA1 channels can provide a pathway for the entry of gentamicin into the cell, we transfected heterologous cells with a bicistronic expression construct that translates individually both sequence-verified mouse TRPA1 and a GFP reporter in the same cell. Approximately 20 h after transfection, we briefly incubated cells for 30 s in the GTTR-containing bath with or without the TRPA1 agonist, CA. This short incubation time, at room temperature, was chosen to diminish the contribution of GTTR uptake by endocytosis (Gale et al. 2001) . After incubation and washout, the intensity of intracellular GTTR fluorescence was determined using confocal imaging. GFP-positive transfected cells stimulated by CA did load GTTR ( Fig. 2A,  left) . This uptake was proportional to the intensity of the GFP reporter, which is presumably proportional to the efficiency of transfection (Fig. 2B) . We did not observe significant GTTR fluorescence in Trpa1-transfected cells that were not stimulated by CA ( Fig. 2A, middle) . We also did not observe any significant GTTR fluorescence in the cells transfected with a control vector expressing GFP but no TRPA1, even after an identical stimulation with CA ( Fig. 2A, right, and B) . We also examined the whole-cell current responses in Trpa1-transfected heterologous cells. In correspondence with numerous previous studies (Story et al. 2003; Bandell et al. 2004; Jordt et al. 2004; Bautista et al. 2005; Nagata et al. 2005; Macpherson et al. 2007a ), we observed robust inward current responses to the application of the most commonly used TRPA1 agonist, AITC (Fig. 2C) , confirming the ability of our construct to express functional TRPA1 channels. Similar to TRPA1 responses in OHCs, TRPA1-mediated currents in heterologous cells reversed at the holding potential close to zero, which is consistent with non-selective cation conductance (data not shown). Non-transfected cells from the same dish, as well as the cell transfected with a vector encoding only GFP (mock-transfected), did not exhibit any responses to AITC (Fig. 2C) .
Endogenous TRPA1 channels in OHCs allow permeation of GTTR and other small organic cations
To investigate the uptake of gentamicin in OHCs, we incubated cultured organ of Corti explants of young postnatal mice in GTTR for 20 s at room temperature. This short duration of drug exposure at room temperature was chosen to diminish GTTR uptake by endocytosis. When organ of Corti explants were incubated with GTTR, a strong fluorescent signal was observed in the OHCs of both wild-type and Trpa1 knockout mice (Fig. 3A, first row) . There was also a faint but distinct signal in the inner hair cells of both wild-type and Trpa1 knockout mice (Fig. 3A, first row) . The accumulation of GTTR was largely inhibited after disrupting hair cell mechanotransduction by pretreatment of organ of Corti explants with Ca 2+ -free extracellular solution supplemented with BAPTA (Fig. 3A, second row) . We concluded that GTTR is able to permeate the mechanotransduction channels in OHCs even though the diameter of the GTTR molecule is expected to be larger than the diameter of the unconjugated gentamicin. This finding is consistent with a recent conference report from Anthony Ricci's group (Luk et al. 2010) .
Next, we explored whether the activation of TRPA1 channels results in GTTR loading in mouse OHCs. After pretreatment with BAPTA, brief incubation of organ of Corti explants with TRPA1 agonists for 20 s resulted in a significant increase of GTTR fluorescence in wild-type but not in Trpa1 knockout OHCs (Fig. 3A, third and fourth rows) . Extracellular application of both TRPA1 agonists, exogenous cinnamaldehyde at 100 μM and the endogenous agonist 4HNE at 50 μM, produced an increase of GTTR uptake, albeit with different efficacies. It is interesting to note that TRPA1-mediated uptake of GTTR was not limited to OHCs, but was also observed in Hensen's and other supporting cells (Fig. 3A, third row, left panel) . This observation is consistent with earlier indications of a broad expression of TRPA1 within the cochlea (Corey et al. 2004) . Quantification of the GTTR signal in organ of Corti explants showed a ∼5.7-fold decrease in GTTR fluorescence in OHCs after the disruption of mechanotransduction channels. Subsequent activation of TRPA1 channels resulted in a ∼6.1-fold increase of GTTR fluorescence in wild-type but not in Trpa1 knockout OHCs (Fig. 3B) .
If the mechanism of gentamicin permeation through TRPA1 channels is similar to other nonselective cation channels, then the TRPA1 pore should allow permeation of other small organic cations (Farris et al. 2004; Marcotti et al. 2005) . We explored whether TRPA1 channels in the OHCs are permeable to another small organic cation, FM1-43. FM1-43 is a small styryl dye that can permeate through the mechanotransduction channels of mammalian hair cells and through other non-selective cation channels (Gale et al. 2001; Meyers et al. 2003) . As expected, incubation of control (untreated with BAPTA) OHCs with FM1-43 resulted in an equally strong labeling in both wild-type and Trpa1 knockout mice (Fig. 4A, first row) . Similar incubation with FM1-43 but in the presence of TRPA1 agonist, CA, resulted in a larger uptake of the dye in wild-type OHCs than in Trpa1 knockout OHCs (Fig. 4A, second row, and Trpa1 knockout mice (right panels). All specimens were incubated with GTTR for 20 s at room temperature. From top to bottom: (1) control specimens untreated with BAPTA or TRPA1 agonists; (2) specimens pretreated with Ca 2+ -free media containing 10 mM BAPTA for 10 min; (3) explants pretreated with BAPTA as above and then incubated with 200 μM of CA for 20 s (together with GTTR); and (4) specimens treated with BAPTA as above and then incubated with 50 μM of endogenous TRPA1 agonist 4HNE for 20 s (together with GTTR). B Average intensities of GTTR fluorescence at the focal plane across the middle of an OHC cylindrical body in wildtype (white bars) and Trpa1 knockout mice (gray bars). TRPA1 agonists CA and 4HNE significantly increase GTTR uptake in wild-type but not in Trpa1 knockout OHCs (*pG0.001; Student's t test for independent variables, error bars = SEM). −/− ). All specimens were processed in parallel using the identical protocol. All images were acquired from the middle turn of the cochlea using identical exposure times, pinhole values, detector gain, laser attenuation, and other acquisition settings. Scale bars, 20 μm. Age of the specimens: P3-4 plus 2 days in vitro.
lular medium supplemented with BAPTA. As expected, BAPTA treatment prevented entry of the dye into the OHCs in explants from both wild-type and Trpa1 knockout mice (Fig. 4A, third row) . However, activation of TRPA1 channels in BAPTAtreated specimens resulted in the accumulation of FM1-43 in the OHCs of wild-type but not Trpa1 knockout mice (Fig. 4A, fourth row, TRPA1 agonist, AITC (data not shown). To exclude the possibility that FM1-43 uptake in the OHCs is due to a secondary activation of ATP-gated P2X channels (Meyers et al. 2003; Crumling et al. 2009 ), we repeated this experiment in the presence of pyridoxalphosphate-6-azophenyl-29,49-disulfonic acid (PPADS), a non-selective blocker of ATP receptors. PPADS did not inhibit the uptake of FM1-43 evoked by TRPA1-agonists (Fig. 4C) . We concluded that endogenous TRPA1 channels in the organ of Corti are permeable to GTTR, FM1-43, and probably other small organic cations.
DISCUSSION
This study demonstrates that mammalian cochlear OHCs possess functional TRPA1 channels and that these channels are permeable to the aminoglycoside antibiotic, gentamicin, and another small organic cation, FM1-43.
Expression of functional TRPA1 channels in OHCs
First evidence for the expression of TRPA1 channels in mammalian cochlear hair cells were provided by Corey et al. (2004) Using patch clamp and live cell imaging techniques, we demonstrate in this study that murine OHCs possess functional TRPA1 channels. The exact function of TRPA1 channels in the OHCs and other cells of the organ of Corti remains to be identified. However, a predominant expression of TRPA1 channels in the nociceptive subset of somatic afferent sensory neurons (Story et al. 2003; Nagata et al. 2005; Bautista et al. 2006; Kwan et al. 2006) , the activation of these channels by exogenous and endogenous noxious compounds (Bandell et al. 2004; Jordt et al. 2004; Macpherson et al. 2005) , and a possibility of the direct activation of TRPA1 through a covalent modification of cysteine residues (Hinman et al. 2006; Macpherson et al. 2007a) led to the commonly held hypothesis that TRPA1 channels may function as universal sensors for chemical damage (Macpherson et al. 2007a; Trevisani et al. 2007) . It is interesting to note that a similar "damage sensor" function has been hypothesized for ATP receptors ubiquitously expressed in the cochlea (Gale et al. 2004) . Our data are consistent with the idea that TRPA1 channels have a widespread distribution in the organ of Corti and may work together with ATP receptors to detect endogenous byproducts of damage occurring in the cochlea.
Permeability of TRPA1 channels to gentamicin and other small organic cations
Irrespective of the exact function of TRPA1 in the cochlea, these channels may provide a pathway for the entry of aminoglycosides into OHCs, if they are activated during systemic administration of antibiotics. Indeed, TRPA1 is a large non-selective cation channel with pharmacological properties that are similar to the properties of hair cell mechanotransduction channels (Nagata et al. 2005) . Notably, the Hill coefficient and IC 50 for gentamicin binding are indistinguishable between the hair cell mechanotransduction channels and TRPA1 channels (Nagata et al. 2005) . Hair cell mechanotransduction channels have a pore of about 1.25 nm in diameter (Farris et al. 2004) . These channels allow permeation by small organic cations (Corey and Hudspeth 1979; Ohmori 1985; Marcotti et al. 2005 ) such as the aminoglycoside antibiotic dihydrostreptomycin (elongated molecule with end-on diameter 0.8 nm), tetraethylammonium ion with a diameter of 0.82 nm, and FM1-43, another elongated molecule with a "bulky" tetraethylammonium head group and a diameter of 1.06 nm (Gale et al. 2001 ).
Permeation of FM1-43 through exogenously expressed TRPA1 channels has been also demonstrated (Karashima et al. 2010) . Moreover, TRPA1 channels are permeable to other organic cations, such as N-methyl-D-glucamine and carbocyanine nucleic acid stain YO-PRO®-1 (Banke et al. 2010) . Therefore, it is not surprising that TRPA1 channels with an estimated pore diameter between 1.1 and 1.4 nm (Karashima et al. 2010 ) are permeable to gentamicin molecules with a diameter of G1 nm (Kroese et al. 1989 ).
More puzzling is the fact that both hair cell mechanotransduction channels and TRPA1 channels are permeable to GTTR, which is expected to be significantly larger than an unconjugated gentamicin molecule. However, several characteristics other than molecular weight (physical dimensions, charge, hydrophobicity) impact the ability of a molecule to permeate through a particular channel (Steyger et al. 2003; . Perhaps GTTR represents an elongated molecule with an overall size still within the limits imposed by the pore diameter of these channels. It has been reported that the permeability of the hair cell mechanotransduction channels is determined by the diameter, not by the length of the molecule (Farris et al. 2004 ). Regardless, we provide strong evidence for GTTR permeation through TRPA1 and mechanotransduction channels (Figs. 2 and 3 ). There is also an independent report on the ability of GTTR to penetrate through mechanotransduction channels in mammalian hair cells (Luk et al. 2010) . Thus, we concluded that TRPA1 channels are permeable to both conjugated and unconjugated forms of gentamicin.
How could TRPA1 channels be activated in OHCs in vivo?
A number of different inflammatory agents can activate TRPA1 channels through direct or indirect mechanisms, including activation by endogenous agents produced during oxidative stress (Bandell et al. 2004; Bautista et al. 2006; Macpherson et al. 2007b; Andersson et al. 2008 ). According to our data, at least one of these agents, 4HNE, can activate TRPA1 channels in OHCs. Delayed generation of exactly this endogenous reagent has been observed in mammalian cochlea several days after damaging noise exposure (Yamashita et al. 2004) . Therefore, our data suggest a novel pathway of aminoglycoside uptake into OHCs through TRPA1 channels that may be activated in a stressed cochlea.
